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Abstract 

Nanoscale light-control requires the precise positioning of nanooptical elements such as single quantum 

emitters and different kinds of nanoparticles. In this context, DNA origami nanostructures have proven 

a versatile scaffold to control positions and stoichiometry in an efficient self-assembly process. Besides 

spatial control, the close environment of organic fluorescent dyes often used as quantum emitters plays 

an important role. Changes in the environment can impact the properties of exposed fluorophores and 

DNA origami structures. In this thesis, DNA origami nanostructures are used to assemble a gap 

nanoantenna with directed emission properties using gold nanoparticles. Different single-molecule 

assays are developed to detail environmental effects relevant for the assembly of nanoantennas and 

other complex assemblies based on DNA origami structures. 

For optical antennas, single quantum emitters have to be placed at the best coupling position between 

the emitter and the nanophotonic structure, which is the plasmonic hotspot. Besides a precise 

placement, the orientation of the fluorophore’s transition dipole moment is a critical parameter for optimal 

coupling. Studying the importance of transition dipole moment orientations in an optical antenna is the 

subject of the first part of this thesis. A freely rotating dye is compared to a dye coupled to an optical 

antenna. The data shows that it is not only the emission transition dipole moment that has a defined 

orientation but also the absorption transition dipole moment. In addition, an alignment of both transition 

dipole moments is disclosed, revealing that the antenna’s main resonance mode dominates the 

absorption as well as the emission. Conclusively, this study suggests that controlling the transition dipole 

orientations of fluorophores can create highly efficient antennas with the ability to control light at the 

nanoscale, such as complex routers or directors. As the alignment of fluorophores is not straight forward 

the second part of this thesis deals with the development of an assay to report on the relative orientation 

of a single fluorophore in a DNA origami structure. By a unique combination of super-resolution 

microscopy and polarization-resolved excitation microscopy, the orientations of structurally different 

dyes in different DNA origami nano-environments are determined. Supplementary molecular dynamic 

simulations help to rationalize the measured orientations and to assign possible conformational states. 

It is shown that the immediate surrounding such as missing nucleotides but also the molecular structures 

of the fluorophores play an important role for preferred dye-DNA interactions. All studies presented in 

this thesis are carried out in aqueous buffers with additive salts to stabilize the DNA origami structures. 

However, the concentration and identity of added salts can be crucial for DNA origami stability and 

functionality. In this context, super-resolution imaging reveals the fortuitous finding that changes in the 

concentrations of bivalent salts yield structural changes in a DNA origami rectangle. An energy transfer 

assay employing a gold nanoparticle as acceptor even reveals dynamical changes and indicates rolling-

up of the structure along the diagonal axis that cannot easily be detected by common microscopy 

techniques. Furthermore, it is proven that dynamic structures do not need to be built with complex motifs 

like hinges, joints or catenanes or even hybridization locks to be functional.  

To gain as many insights on the single-entity level, one main focus of this work is placed on the 

development of single-molecule assays. Developed single-molecule fluorescent microscopy techniques 

include a combination of polarization-resolved wide-field imaging and defocused imaging to report on 
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the orientations of the absorption and emission transition dipole moments. With combined DNA-PAINT 

and polarization-resolved wide-filed measurements the orientations of DNA origami rectangles and 

related fluorophore orientations in the DNA origami structures can be revealed. Finally, by a combination 

of DNA-PAINT and scanning confocal fluorescence lifetime microscopy, high structural and temporal 

resolution in a dynamically switching DNA origami structure is gained. The developed assays have the 

potential to be useful for answering other scientific questions, in particular on the single-entity level. 
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1. Introduction 

Fluorescence microscopy has emerged to be a basic tool in science and is based on the findings by 

Stokes, who observed a red shift of the emission compared to the absorption spectrum[1], which opened 

up the field of single-molecule fluorescence microscopy (SMFM).[2–4] Here, isolated emitters are studied 

in contrast to conventional studies on the average of many. Thus, photophysical properties of individual 

entities can be investigated, and heterogeneities in samples can be addressed without being buried 

under broad distributions.  

 

1.1 Optical Antennas to Control Light at the Nanoscale 

One big field that has emerged to be studied with SMFM is the field of plamonics. In plasmonic 

assemblies, metal nanoparticles (NPs) are placed in predefined geometries. The NPs are much smaller 

than the wavelength of the illuminating light, which causes a collective oscillation of free electrons in the 

metal. This phenomenon is called localized surface plasmon resonances (LSPRs). These oscillations 

create an enhanced electric field in the NP’s near field. Thus, an NP can act as a receiver for 

electromagnetic waves creating an enhanced near field close to the NP’s surface (Figure 1a), or, if an 

emitter is placed in the near field of the NP, it can act as a transmitter transferring emitted light from the 

near field to the far field leading to a directionality of the signal (Figure 1b).[5] So its basic behavior is 

pretty similar to its counterparts in the radio and micro wave regime. 

 

Figure 1: Antennas in the radio/micro wave regime and in the nanoscale. Antennas can act as receivers 

(a) or as transmitters (b) corresponding to absorption and emission processes in the nanoscale, 

respectively. 

For the coupling of a fluorophore and an OA, the spectral overlap of both plays an important role. NPs 

behave differently depending on their size. This is not only visible in their color but also in their 

photophysical behavior. While big NPs lead to an enhancement of the fluorophores emission, smaller 

NPs cause a quenching effect.[6,7] Often, plasmonic NPs are arranged in dimer structures that are able 

to interact with light in the visible wavelength regime and that can be referred to as optical antennas 

(OAs).[8] OAs interacting with incoming light create an enhanced electric field between the two particles, 

which is called the hot spot region.[5,9] Methods to create OAs are for example e-beam lithography or ion 

beam milling. Shortcomings of these top-down processes are the limited throughput and the time-

consuming procedure going along with a serial production of the structures. Other disadvantages are 

the limitation of materials that can be used for fabrication as well as the difficult precise and 
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stoichiometric positioning of single fluorescent molecules in the hot spot region of OAs[5]. Hence, many 

lithographically created OAs are measured in dye solutions with fluorescent molecules diffusing through 

the hot spot region to study the dye OA interactions. One prominent example is the bowtie antenna built 

from two triangular gold platelets (Figure 2a).[10] Disadvantages of this and comparable assemblies are 

the high background signal of free diffusing dyes in solution and the lack of positional control of the dyes 

with respect to the OA structure. The correct placement of a single fluorophore plays an important role 

in coupled dye-OA systems because of the influence on the fluorophore’s photophysical properties, such 

as the excitation and emission rate. As a consequence, the fluorescence enhancement and quantum 

yield are also highly dependent on the fluorophore’s relative orientation to the OA.[11]  

 

Figure 2: Dimer antenna structures. (a) Lithographically produced bowtie antenna surrounded by 

fluorophores in aqueous solution (adapted from [10]). (b) DNA hybridized gold nanoparticle dimer antenna 

with an attached fluorophore (adapted from [12]). (c) and (d) DNA origami structures as bread boards to 

build different kinds of dimer antennas with controlled gap size and a fluorophore in the hot spot region 

(adapted from [13] and [14]). All antenna structures can be immobilized on a glass surface for single-

molecule studies. 

To overcome the fabrication issues of lithography, other techniques are used to assemble dimer 

antennas. The polymeric DNA molecule has shown to be a good choice as DNA is not interacting with 

the visible wavelength region of light and provides the possibility to control the distance between two 

NPs. In the simplest assemblies, a double stranded DNA helix is used to bridge two NPs (Figure 2b).[15] 

In this way it is possible to control the distance between the NPs. In more complex assemblies, DNA 

origami structures are used as bread boards to position two NPs to build dimer OAs (Figure 2c and 

d).[11,13,14] DNA origami is a bottom-up technique[16,17], which relies on the high flexibility and the 

modulation capability of the DNA biomolecule. Furthermore, the specific base pairing between the four 

nucleobases (adenine with thymine, guanine with cytosine) and its robustness owing to stabilizing cross-

overs between the single helices are basic benefits of this method. DNA origami structures can adopt 

nearly every shape in 2D but also in 3D in the nanometer range.[18] They have the advantage of 

controlling geometric and stoichiometric placement of NPs and emitters, based on a self-assembly 

process, which is easy to handle and shows a high reproducibility. Studies based on DNA origami 

structures as bread boards range from fundamental research to study the effect of the OA on the 

photophysics of a fluorescent dye[19–24] to diagnostic assays to detect target molecules by signal 
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amplification.[25–28] Besides fluorescence studies, numerous Raman[29–32], SERS[31] and dark field 

measurements[30,33] have also been performed.  

Due to the advantage of attaching a fluorescent molecule by a linker to the DNA, single fluorophores 

can be easily placed in the hot spot region of OAs. This is advantageous because the molecule’s 

excitation rate is proportional to 〈�⃗� ∙ µ𝐺⃗⃗ ⃗⃗ 〉2, with �⃗�  being the electric field vector created in the hot spot 

region by the incidence field and the induced field from the OA, and µ𝐺⃗⃗ ⃗⃗  being the molecules absorption 

transition dipole moment.[34] Fluorophores linked to DNA have the ability to rotate freely around their 

linkers if surrounded by an aqueous solution. Yet also fixed orientations can be taken that are either 

undefined through interactions with the immediate surrounding or defined for a doubly linked[35] 

fluorophore. The orientation of the dye is therefore important as the radiative decay rates of fluorophores 

depend on the relative orientation between the emission dipole transition moment µ𝐸⃗⃗⃗⃗  and the OA. This 

can lead to a complete suppression of the fluorescence, if oriented perpendicular to the OA’s axis, but 

also to a strong enhancement in a parallel orientation.[11,13,36–38] The effect of fluorescence intensity 

modulation in emission can be explained by the creation of image charges in the NPs from the transition 

dipole moment of the fluorophore. If the transition dipole moment of the fluorophore is aligned to the 

OA’s dimer axis (radial), a coupling between the fluorophore and the OA will occur, enhancing the 

fluorescence intensity. But if the transition dipole moment is perpendicular (tangential) to the dimer axis, 

the dipoles of the fluorophore and NPs will cancel out each other leading to a fluorescence quenching. 

The effect on the emission of a coupled fluorophore can also be studied theoretically.[6,39] In addition, 

the effect of strong enhancement is highest if the polarization of excitation matches the OA’s axis.[20]  

The task at hand is to establish an assay that can map the polarizability in emission and absorption 

processes (chapter 4.1 and associated publication P1). Fluorescent dyes are checked for their ability to 

behave like an isotropic emitter in an aqueous medium. After the isotropic behavior is determined, it 

should be checked how the emission and absorption properties will change if coupled to an OA. To this 

end, OAs with a fluorophore placed in the hot spot region are self-assembled on a DNA origami 

structure. To measure the emission and absorption polarizability of these coupled systems, an assay is 

developed. On the one hand, defocused imaging pictures the emission pattern of the imaged system. 

The pattern sheds light on an isotropic or anisotropic emission behavior and at the same time reveals 

the orientation of the dipole emitter to a surface. On the other hand, with the help of polarization-resolved 

wide-field measurements it is possible to not only show an anisotropic behavior in the absorption but 

also indicate the orientation of the absorption dipole due to the knowledge of excitation polarization at 

any time. 

 

1.2 Dye Orientations in Energy Transfer Assemblies 

The two-fold importance of the orientations of fluorescent molecules in OA assemblies has already been 

discussed above. Calculations of the normalized quantum yield of an emitter placed in the hot spot 

region of an OA are depicted in Figure 3a. Here, the strong dependence of the quantum yield on the 

relative orientation of the fluorophore is illustrated in correlation with the excitation wavelength. The main 
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conclusion of the graph is the strong quenching in a perpendicular orientation, while the parallel 

orientation is enhanced. However, dye orientations do play a crucial role not only in OA assemblies but 

also in other energy transfer assemblies like FRET (Förster resonance energy transfer)[40,41], GET 

(graphene energy transfer)[42–44], MIET (metal induced energy transfer)[45,46], or in super-resolution 

localization precision[47–51]. Often, the relative orientation between two dipolar systems plays an 

important role, such as in FRET assemblies, where an energy transfer occurs between a spectrally 

overlapping donor-acceptor pair separated by a distance below 10 nm. The efficiency of the energy 

transfer strongly depends on the relative orientations between the two molecules and is described by 

the orientation factor 𝜅2. This factor maximizes to a value of 4 if the two dipoles of the fluorophores are 

aligned and has a minimum of 0 for a perpendicular orientation (Figure 3b).[3] 

 

Figure 3: Dipole orientations in OA and FRET assemblies. Normalized quantum yield of Cy5 in an OA 

at parallel and perpendicular orientations in dependence of the excitation wavelength (a). Different 

dipole orientations in FRET (b) yield individual orientation factors (𝜅2). In a head-to-tail aligned case, 𝜅2 

is 4, parallel to each other it is 2, and in a perpendicular orientation it is 0. (a) Reprinted with permission 

from [13]. 

Usually, fluorescent dyes attached to DNA are assumed to rotate freely fixed in one position by a linker. 

However, not all dyes show the ability of free rotation but are able to interact with their immediate 

surrounding that can hold them in a fixed position. Although the orientation of for example metal 

nanorods[52] or triangles[53] can be controlled, there is nearly no control to orient fluorescent molecules 

in DNA. Principally, two different methods exist to attach dyes to DNA. First, they can be attached non-

covalently through an interaction with the double stranded DNA (dsDNA) helix. The interaction thereby 

depends on the molecular identity of the dye, which can interact with the base pairs in the dsDNA 

(intercalators), bind to the major groove of the dsDNA helix or adhere to the DNA’s backbone.[54] 

Gopinath et al showed that the intercalating dye TOTO-3 always binds with a preferred orientation of 

70°± 10° to DNA.[55] Although an orientation control is given, a stoichiometric or geometric control is not 

present. Here, again, the big advantage of DNA origami structures comes into play. Due to the high 

specificity of DNA hybridization, fluorescent dyes linked to a short single stranded DNA sequence can 

bind covalently with a high geometrical and stoichiometric control. However, the orientation control is 

not given. Fluorescent molecules can be either attached to the 3’- or 5’-end or even internally by e.g. 

the use of an amino-C6 linker. Besides the lack of orientation control in DNA origami structures, no 

reliable methods exist that can help to retrieve the orientations of covalently attached fluorescent dyes 

in DNA origami structures. Earlier work shows for example, that Cy3 and Cy5 attached to DNA maintain 

preferential orientations due to blunt end sticking when attached by a C3-linker[56] but remain freely 
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rotating when attached by other linkers[57]. So the choice of linkers in DNA assemblies has a great 

importance. Other studies based on FRET can report on the relative orientations between the two 

fluorophore dipoles but not on the relative orientations in the DNA assembly. A study to extract the 

relative orientation of fluorophores in a short dsDNA helix was performed using single-molecule 

localization techniques.[58] Because of the short length of the helix, it can be assumed to be rectilinear, 

but the DNA was adsorbed to a positively charged surface, which could impact the fluorophores 

orientation. It is still challenging to control the orientation of fluorophores in DNA origami structures, 

although fluorophores exist that can be labeled at two ends[35]. Furthermore, an extraction of the relative 

orientation in DNA origami structures also remains challenging.  

To answer the question of fixed dye orientations in DNA origami structures, a new assay is developed 

and examined (chapter 4.2 and associated publication P2). Dye orientations can be extracted with the 

help of polarization-resolved wide-field measurements yielding modulating traces for fixed dipole 

orientations with a 180° resolution. Besides the orientation of the dyes, the orientation of the DNA 

origami structure to which the dye is attached also needs to be known. To resolve this orientation a 

DNA-PAINT measurement is operated with a designed asymmetric pattern of DNA-PAINT binding sides 

on the DNA origami structure. The asymmetric pattern enables to resolve the orientation of the DNA 

origami structures with a 360° resolution on the glass surface. Furthermore, it can report on an upside-

down binding of the structures. After both measurements have been performed, two angles can be 

assigned to each other yielding the relative orientation of the dyes in the DNA origami structures. As the 

sticking of dyes in DNA origami structures can vary with the dye’s position, different classes of dyes in 

different nano-environments are studied. As the measurements alone only give rise to the orientation 

but cannot resolve the molecular structure, all atom molecular dynamics (MD) simulations are carried 

out. The experimental and theoretical results together can give a good picture on how and in which 

orientation fluorophores can stick to DNA. 

 

1.3 DNA Origami Structures at the Influence of High Salt Concentration 

Not only dyes can be locked in certain orientations, but dynamic structures can also show similar effects. 

For example, in four-way junctions, also called Holliday Junctions[59], an alternation between two 

isomerization states is observed. These states are stabilized by bridging magnesium ions between 

neighboring DNA helices and can have long-lived salt-nucleic acid interactions showing a kind of 

memory effect[60]. Elevated magnesium ion concentrations can slow down the switching kinetics of the 

junctions.[61] This shows that ions play an important role in bridging and stabilizing DNA helices as well 

as DNA origami structures.[62] Thus, DNA origami structures, especially the twist-corrected rectangular 

DNA origami structure (NRO) of the original RRO from Rothemund, shows a response on increased 

magnesium concentrations. A diagonal distance measured on the NRO with a DNA-PAINT experiment 

decreases, while the long axis appears to be slightly increased (Figure 4).[63]  
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Figure 4: Distance changes in a rectangular DNA origami structure (NRO) due to the increase of MgCl2 

concentration. Distances on the DNA origami structures are measured along the long side and the 

diagonal showing a decrease and a nearly continuous distance, respectively. Reprinted with permission 

from [63]. 

In oxDNA simulations of an NRO structure, a bending of the rectangle along two possible diagonal axes 

is observed.[64] The effect of distance reduction due to increased salt concentrations and bending of the 

rectangular DNA origami structure gives rise to the question whether both findings can be combined. To 

observe possible static or dynamic changes in the DNA origami structures, tools are needed that yield 

more than average values. These tools include optical[65–67] and mechanical[68–70] single-molecule 

methods or molecular dynamic simulations[71]. Therefore, in this thesis an assay to monitor the structural 

changes in the DNA origami rectangle with high structural and temporal resolution is developed (chapter 

4.3 and associated publication P3). An arrangement of DNA-PAINT binding sides on the rectangular 

DNA origami structure at the long sides permits to detect structural changes. Distance measurements 

between the two imaged parallel lines help to answer the question with regard to a possible gradual 

structural change in the DNA origami structure. However, the finding is that two different kind of 

structures are present in the super-resolved images, which possibly imply a rolling-up. This fortuitous 

effect is interesting to study as usually structural changes are only obtained by the implementation of 

special motifs like hinges[72], joints[65,67,73,74], or catenanes[75]. But to provide evidence of underlying 

dynamics, the method of DNA-PAINT is not practical as the acquisition times are in the minutes’ time 

range. So a more sensitive assay has to be developed to gain structural and temporal resolution to 

answer the question of possible dynamics. To this end, an energy transfer assembly is introduced to the 

DNA origami structure. Usually, FRET assemblies are used to report on structural changes in dynamic 

systems, which show the disadvantage of acceptor bleaching and small working ranges, where the 

distance of 50% energy transfer is limited to about 6 nm. Here an energy transfer between a single 

fluorophore and a 10 nm gold nanoparticle is used, with the NP as an unbleachable acceptor and a 

distance of 50% energy transfer of 10.4 nm[19]. The introduced energy transfer relies on the ability of 

small NPs to quench the fluorescence intensity and lifetime. In the presented assay a quenching occurs 

when the fluorophore approaches the NP. This effect can be monitored by confocal lifetime imaging.  
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1.4 Implementation of Combined Single-Molecule Methods 

The studies presented in this thesis range from imaging the polarizability in emission as well as 

absorption processes to the extraction of dye orientations in DNA origami structures through to the 

resolution of structural and dynamic processes in flexible DNA origami structures. To study these effects 

on the single-molecule level, new assays are required. These assays are a combination of defocused 

and polarization-resolved wide-field imaging to gain information about the emission and absorption 

dipole orientations. A combination of DNA-PAINT and polarization-resolved wide-field imaging allows to 

extract the relative orientations of fluorescent dyes in DNA origami structures. Lastly, to observe the 

structural changes in DNA origami structures with a high spatial and temporal resolution, DNA-PAINT 

measurements are combined with an energy transfer assembly in scanning confocal lifetime imaging. 

These assays can be used for a broader range of studies as discussed in chapter 5. Hence, one main 

focus of this thesis is to expand the toolbox of single-molecule imaging and assays.  
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2. Theoretical Background 

This chapter provides an overview of the theoretical principles needed for the understanding of the 

processes studied in this work. The basics of the photophysics of organic dyes is explained, and 

strategies to prevent the dyes from photobleaching and blinking are discussed. Additionally, plasmonic 

NPs are introduced together with a short theoretical explanation of the basic principles of localized 

surface plasmon resonances. Then, the interaction between a plasmonic NP and an organic fluorophore 

is explained. In the last part, the technique of DNA origami folding is introduced. 

 

2.1 Photophysics of Organic Dyes 

Fluorescence is a spontaneous process that might take place after exciting a molecule with light. For an 

excitation process to happen, the energy of the exciting photon has to match the energy for an electron 

to overcome the energy barrier between the electronic ground and the excited state.[3] The energy of a 

photon can be described by Planck’s law[76]: 

𝐸 =
ℎ∙𝑐

𝜆
       (2.1) 

Here, h is the Planck constant (6.626∙10-34 J/Hz), c the speed of light (2.998∙108 m/s) and 𝜆 the excitation 

wavelength. The process of excitation through energy absorption is regulated by the Franck-Condon 

principle.[77,78] It states that excitation is a transition of an electron from the ground state into the excited 

state and only occurs if the vibrational wave functions between the different states show a high 

symmetry. An important assumption that has to be made to explain these processes is the Born-

Oppenheimer approximation[79], which says that the heavier nuclei of the molecules can be assumed to 

be static compared to the lighter electrons. 

Following the rules explained above, the transitions in excitation/absorption and emission processes 

can be summed up in a Jablonski diagram (Figure 5a).[80] Involved processes can be radiative (solid 

arrows) or non-radiative (dashed arrows). After excitation from the ground into the excited state S1 (blue 

arrow) at a rate constant kexc, the excited molecule can take different paths to decay to the ground state 

(S0). Besides the excitation to the S1 state, higher electronic states (S2 – SN) can also get populated, 

which, for reasons of simplicity, is not depicted here. A depletion from the excited state to the ground 

state can appear through heat dissipation (knr; dark gray dashed arrow) or through the radiation of a 

photon as fluorescence (red arrow) with a rate constant kfl. This process shows a lower energy than the 

excitation, which is also indicated by the length of the arrows. The loss in energy results in a spectral 

red-shift of the emitted wavelength compared to the excitation wavelength (Figure 5b), which is also 

known as Stokes shift[1]. It is important to note that due to Kasha’s rule[81], emission can only result from 

the vibrational ground state of the excited S1 state. Thus, if the molecule is excited to higher vibrational 

states, it first has to undergo internal conversion (light gray dashed arrows) before a transition to the 

electronic ground state S0 takes place, as stated by the Stokes shift. This shift enables the separation 

of emission from the excitation light by the simple use of spectral filters. The broadening of the absorption 
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and emission spectra in Figure 5b thereby results from transitions involving not only the vibrational 

ground states of S0 and S1. In the excitation spectrum, this broadening arises from the excitation to 

higher vibrational states of the S1 state. In the emission spectrum, a depletion from the vibrational ground 

state of S1 to higher vibrational states of the S0 state is leading to the spectral broadening.[3] In addition 

to the directly decaying processes from the S1 to the S0 state, the molecule can undergo intersystem 

crossing (kisc; orange dashed arrow) from the singlet S1 to the triplet T1 state. This process requires a 

spin flip of an electron, which is an unlikely and un-favored process taking place on a relatively long time 

scale compared to the other processes. Once the transition into the triplet state happens, 

phosphorescence (kphos; green arrow) under light radiation or a non-radiative process (knr; dark gray 

dashed arrow) through heat dissipation to the ground state S0 can occur.  

 

Figure 5: Jablonski diagram and excitation/emission spectra of ATTO 647N. (a) Jablonski diagram 

showing the processes during fluorescence. The singlet states S0 and S1 as well as a triplet state T1 

with rotational levels are involved in the transitions. These transitions, i.e. the excitation/absorption 

process (blue) with its rate constant kexc, the emission/fluorescence process (red) with the rate constant 

kfl, and the phosphorescence (green) with kphos, are radiative processes. The internal conversion (light 

grey), the non-radiative decay (dark grey) with knr, and intersystem crossing (orange) with kisc are non-

radiative processes. (b) Exemplary absorption (blue) and emission (red) spectra of the ATTO 647N 

dye[82]. 

Each fluorophore is characterized by further photophysical parameters, which are emission and 

absorption spectra, the fluorescence quantum yield, and the fluorescence lifetime. The fluorescence 

quantum yield 𝜙𝑓𝑙  (equation 2.2) is a measure of the fraction of emitted photons 𝑁𝑒𝑚  compared to 

absorbed photons 𝑁𝑎𝑏𝑠. It can be written as the ratio of the fluorescence rate constant (kfl) to the sum of 

all rate constants of the processes depopulating the S1 state (kfl, knr, kisc). 

𝜙𝑓𝑙 =
𝑁𝑒𝑚

𝑁𝑎𝑏𝑠
=

𝑘𝑓𝑙

∑𝑘
     (2.2) 

A value of 𝜙 = 1 means that all absorbed photons are emitted without any losses. The fluorescence 

quantum yield can take values between 0 and 1. 
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The average time that a molecule spends in the excited S1 state is the fluorescence lifetime, which is 

defined by  

𝜏𝑆1
= (𝑘𝑓𝑙 + 𝑘𝑛𝑟 + 𝑘𝐼𝑆𝐶)

−1
    (2.3) 

The fluorescence lifetime is in the range of 10-9 to 10-8 s, whereas phosphorescence takes place on 

longer time scales in the 10-3 to 100 s. 

2.1.1 Radiation Characteristics of Dipole Emitters 

To fully describe the processes illustrated in chapter 2.1, the radiation characteristics of dipole emitters 

have to be considered, too. Therefore, the dipole character of organic dyes with a transition dipole 

moment and the radiation propagation of the electric field in the emission process has to be taken into 

account. Fluorophores can be treated as Hertzian dipoles, which are harmonically oscillating point 

dipoles with a transition dipole moment µ. The dipole moment will be oriented according to the molecular 

structure of the dye (Figure 6a) in the delocalized 𝜋-electron-system.[3,83] 

 

Figure 6: Dipole character of a fluorescent dye. (a) Molecular structure of ATTO 647N with an arrow 

illustrating the transition dipole moment µ. (b) Electric field vectors created around an electric dipole. (c) 

Schematic of the emission intensity of a fixed fluorophore (red arrow) by linear polarized light (black 

arrow) of different relative orientations to the emitter. 

Emission of an organic dye always occurs perpendicular to the orientation of its dipole moment and is 

zero along the dipole axis (Figure 6b, Figure 7a). As the dipole is oscillating, the charges change 

periodically and the created field is broken and builds up again. For a dye situated close to an interface 

of two different media with different refractive indices (e.g. water–glass), the radiation is altered by an 

evanescence field coupling. The evanescent field couples to the medium of higher refractive index, 

which results for the case of a water–glass interface (with water above and glass below) in a radiation 

mainly into the glass (Figure 7b, c).[84] Figure 7 b and c show how the angular power radiation of a dipole 

is varied for different dye orientations (vertical and horizontal) at the water-glass interface. 

 

Figure 7: Emission of a dipole emitter. Agular power radiation in a homogenous medium (a) and close 

to a water-glass interface with a vertically (b) and horizontally (c) oriented dipole. (Adapted from [85]) 
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In light microscopy, the direction of preferred emission into glass is related to the collection direction of 

emitted light. In single-molecule experiments, fluorescent dyes are often studied in aqueous solutions. 

Under these conditions the dye is able to rotate freely and has the character of an isotropic emitter, 

meaning it emits homogenously in all directions. A dye that is either fixed by a solid surrounding medium, 

dried on a surface or hold in one position by other means behaves like an anisotropic emitter. Here, the 

nature of organic dyes of preferentially absorbing light with an electric field vector parallel to its transition 

dipole orientation comes into play. Thus, the fluorescence intensity is maximized for the orientation of 

excitation polarization 𝜃 parallel to the orientation of the transition dipole moment 𝜑 and minimized in a 

perpendicular situation (Figure 6c). Knowing the angle of the linear polarized excitation light enables the 

extraction of the orientation of a fixed fluorescent dye in the lateral plane. 

2.1.2 Photostabilization of Organic Dyes 

Huge drawbacks of organic fluorophores are photobleaching and blinking processes. After excitation, 

the fluorophore can enter a triplet state instead of relaxing to the ground state via fluorescence radiation 

(Figure 8a). In the triplet state the fluorophore can interact with oxygen, which has a triplet character in 

its ground state. A result from this interaction is singlet oxygen, which is highly reactive and can 

irreversibly oxidize the chromophoric system.[86] To circumvent the process of photobleaching, oxygen 

scavenging chemicals are added to the measurement buffer. These agents are enzymatic systems like 

a combination of glucose oxidase, catalase, and glucose. The reaction of glucose with the oxygen in 

solution is catalyzed by glucose-oxidase giving glucolactone and hydrogen peroxide as reaction 

products (Figure 8b). Additional added catalase decomposes the hydrogen peroxide to oxygen and 

water.[87,88] This process induces a longer-lived triplet state that can no longer be depopulated by the 

interaction with oxygen, and therefore longer off-times occur.  

 

Figure 8: Modified Jablonski diagram for ROX system, oxygen scavenging reaction, and trolox 

conversion. (a) Jablonski diagram showing the excitation (blue) and emission (red) process with 

additional pathway (orange) to the triplet state T1 from where reduction (dark gray) and oxidation (light 

gray) through transient radical states (F*- and F*+) occur. (b) Reaction of glucose with glucose oxidase 

and catalase for oxygen scavenging. (c) Conversion of trolox to trolox quinone by UV irradiation. 

The second limiting process in single-molecule studies is the blinking of fluorescent dyes that occurs 

due to a temporary occupation of dark states like the triplet state. To circumvent this limitation, a 

depopulation of the triplet state can be induced by reducing and oxidizing (ROX) chemicals (Figure 8a), 
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where two pathways are possible. One possibility is that the fluorophore first gets reduced entering a 

radical anion state before the oxidation to the ground state S0 occurs, and the second possibility is that 

the process takes place via a radical cation intermediate state. As a ROX system, the vitamin E analogue 

trolox and its quinone can be used to depopulate the triplet state.[89,90] The quinone is synthesized by 

the irradiation of trolox with UV light (Figure 8c) until both forms are equally concentrated in solution.  

By combining both systems, i.e. the oxygen scavenging and ROX agents, the fluorescent dyes can be 

protected from photobleaching as well as from blinking kinetics that makes them very photostable and 

useful in a broad range of SMFM applications. 

 

2.2 Metal Nanoparticles 

The use of the photophysical properties of metallic NPs dates back to the Roman times when the 

particles were used to dye ceramics or to create shiny glasses like sacral windows. Although the theory 

behind the origin of the color was not understood at that time, it was widely used. One of the most 

famous examples is the Lycargus cup, where gold and silver particles are dispersed in glass. This cup 

shows a red color when illuminated from the back and green when illuminated from the front.[91]  

Later, the physics behind the color has been more and more understood and described by several 

theories. A model for the charge transport in metals through the interaction with an electromagnetic field 

was first developed by Drude in 1900.[92,93] This model was added by Arnold Sommerfeld in1933[94], who 

showed the absorption and scattering of light. Exact calculations of the absorption and scattering of 

spherical NPs were made by Gustav Mie in 1908.[95] The field of nanoantennas made from metallic NPs 

that act as receivers or emitters of electromagnetic light was introduced by Wessel in 1985. Furthermore, 

NPs can transverse light into a local field and affect emitters close by, something which is used in a 

broad variety of applications.  

In this chapter, the theory behind the color and the interaction of metal NPs smaller than the wavelength 

of light with impinging electromagnetic waves is discussed. Moreover, the coupling of a plasmonic NP 

with another NP and a fluorescent dye is introduced afterwards. 

2.2.1 Plasmonic Nanoparticles 

Metals like gold or silver are known in daily life as jewelry but not for their property to interact with light. 

However, as their size decreases new properties arise, which can be of advantage in scientific 

assemblies. These so-called metallic nanoparticles can exhibit different optical properties depending on 

their material, size, and shape.[96,97] Mostly, rod-like structures or spherical NPs are the subject of 

studies, but also triangles[53,98], disks[99,100] or even nanostars[101,102] have been examined. Figure 9 

shows a series of gold and silver NPs of different sizes. The color of the NPs thereby is given through 

the spectral regions where absorption and scattering processes occur. Gold NPs absorb and scatter in 

the green wavelength region, so they appear red to our eyes, whereas for silver these processes take 

place in the blue region, making them yellow. 
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Figure 9: Spherical gold and silver nanoparticles of different sizes exhibit different colors in solution. 

Adapted from [103]. 

The absorption and scattering cross-sections are defined by the resonance behavior of the metal 

interacting with an electric field (e.g. light). An electromagnetic wave impinging on the metal’s surface 

induces a light matter interaction of the propagating light wave with the electrons in the conduction band 

of the metal atoms. A result of this interaction is a displacement of the electron cloud from its equilibrium 

position. The separation of charges induces a restoring force through Coulomb attraction, and the 

electron gas starts to oscillate as depicted in Figure 10a.[6,104,105] The oscillation driven by the restoring 

forces only occurs at a specific size-dependent frequency. A condition which has to be fulfilled for this 

type of interaction is that the NPs need to be much smaller than the wavelength of light (R/𝜆 < 0.1, with 

R being the radius of NP and 𝜆 the incidence wavelength).[106] In this case, the NP acts as an oscillator 

with an induced dipole moment, and its resonance behavior determines the optical properties of the 

NP.[8,106] The oscillating charges can also be described as plasmons. At a planar interface the plasmons 

are called surface plasmon polaritons, and they propagate freely along the interface. In the case of NPs, 

plasmons are confined to the NP’s geometry and are termed localized surface plasmon resonances 

(LSPRs).[6] The penetration of the electromagnetic field into the NP is limited to a certain depth, called 

the skin depth, and is about 15 nm in the vis-NIR region for gold.[107,108] The strength of oscillation is 

impacted by the NP’s size as well as by damping effects through radiative and non-radiative processes 

(Figure 10b). On the one hand, energy losses can occur through a radiative decay via the emission of 

a photon. On the other hand, non-radiative transitions can occur as interband or intraband transitions 

with an excitation from the d-band to the conduction band or within the conduction band, respectively.[109]  

 

Figure 10: Oscillating NPs and decay processes in NPs after light irradiation. (a) In-phase oscillation of 

the electron gas in a metal nanoparticle with the electric field of a propagating electromagnetic wave. 

(b) Surface plasmons can decay radiatively by the emission of a photon or non-radiatively by building 

electron-hole pairs through interband and intraband transitions from the d-band to the conduction band 

or within the conduction band. (Adapted from [109]) 

The Mie theory provides a full analytical model to calculate the LSPRs of spherical nanoparticles.[95,110] 

For NPs much smaller than the wavelength of light, the Rayleigh approximation can be used.[111,112] This 
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approximation helps to explain the distortion of the electron cloud in response to an external electric 

field through the polarizability 𝛼, given by  

𝛼(𝜆) = 4𝜋𝜀0𝑅
3 𝜀(𝜆)−𝜀𝑚(𝜆)

𝜀(𝜆)+2𝜀𝑚(𝜆)
     (2.4) 

Here, 𝜆  is the wavelength of light, R the NP’s radius, 𝜀0  the vacuum permittivity, 𝜀𝑚  the dielectric 

constant of the surrounding medium, and 𝜀 = 𝜀′ + 𝑖𝜀′′ the complex relative permittivity of the NP. The 

surface plasmon resonance is reached when 𝛼 is maximized, which occurs when the denominator in 

equation 2.4 is minimized.[113] This condition is met when 𝜀(𝜆) = −2 𝜀𝑚(𝜆), which is referred to as 

Fröhlich condition.[114] It is important to note that both the dielectric function of the NP, which is 

dependent on the wavelength, and the medium impact the resonance condition. 

The Rayleigh theory, which is valid for small NPs (< 50 nm), helps to describe the elastic scattering of 

light.[115] This leads to the expressions for the scattering cross-section[116] 

𝜎𝑠𝑐𝑎 =
𝑘4|𝛼(𝜆)|2

6𝜋𝜀0
2 =

8𝜋𝑘4𝑅6

3
 |

𝜀(𝜆)−𝜀𝑚(𝜆)

𝜀(𝜆)+2𝜀𝑚(𝜆)
|
2
   (2.5) 

and the absorption cross-section[116]  

𝜎𝑎𝑏𝑠 =
𝑘

𝜀0
 Im[𝛼(𝜆)] = 4𝜋𝑘𝑅3𝐈𝐦 [

𝜀(𝜆)−𝜀𝑚(𝜆)

𝜀(𝜆)+2𝜀𝑚(𝜆)
]   (2.6) 

Here, 𝑘 is the wave vector, and 𝐈𝐦[𝛼(𝜆)] is the imaginary part of the polarizability. Equations 2.5 and 

2.6 show a clear R3 dependence for the absorption, whereas the scattering shows an R6 dependence. 

This explains why smaller NPs show less scattering than bigger NPs, and smaller NPs absorb much 

stronger.[6] 

2.2.2 Coupling of Two Plasmonic Nanoparticles 

Two nanoparticles can be assembled next to each other by means of lithography or the use of DNA 

origami structures (see section 2.3). Depending on the polarization of the incidence electric field, NPs 

can act as single plasmonic NPs or as a coupled dimer antenna. The interacting particles can be 

described in terms of hybridization of the plasmon modes following the methods to treat electronic 

orbitals in molecules (Figure 11a).[108,117] Two modes in the NP dimer are exhibited, which can be parallel 

or perpendicular to the dimer axis, with a bonding mode at the lowest energy showing a net dipole 

moment. In this context, the far field optical properties are only defined by the two modes showing a net 

dipole moment (marked with a star in Figure 11a). Other modes show a net dipole moment of zero as 

the dipoles of the particles cancel out each other. The relative splitting between the bonding and 

antibonding mode in the hybridization diagram is dependent on the gap size of the dimer antenna.[108,117] 

Compared to monomer NPs, coupled dimer antennas show a red shift of the LSPR.[96] 
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Figure 11: Plasmon mode hybridization and electric field enhancement. (a) Plasmon mode hybridization 

of two close-by gold NPs. + and – indicate the dipole oscillation direction. Depending on the oscillating 

mode of each NP, different combinations of bonding and antibonding modes occur. Only states marked 

with a star are optically active. (b) Electric field intensity of a 100 nm Au NP dimer with an interparticle 

distance of 12 nm at an excitation wavelength of 640 nm. The excitation propagates in z direction and 

is polarized along x. Reprinted with permission from [22]. 

NPs show not only an induced electric dipole moment within the particle but also an external dipolar 

field surrounding the NP, which is driven by the resonantly enhanced field inside the NP. The distribution 

of the enhanced electric field intensity surrounding the metal NP dimer is depicted in Figure 11b.[22] It 

should be noticed that a very confined electric field is created between two NPs[9], which is often referred 

to as hot spot region and has just the size of a few nanometers.[5] 

2.2.3 Coupling of Plasmonic Nanoparticles with Organic Dyes 

Noble metal NPs like gold and silver are commonly used, and LSPRs in the visible region of the 

electromagnetic spectrum are exhibited.[118] Thus, they can couple to a long range of organic dyes in 

this spectral region. OAs can act as receivers or vice versa as transmitters. As a receiver, the OA 

focuses the far field radiation to the emitter’s near field. In case of transmitting properties, it couples to 

the electromagnetic field of an emitter and transfers the signal to the far field. An emitter placed in close 

proximity to an NP therefore experiences an influence on its photophysical properties (Figure 12a) with 

a complex influence on all rate constants.[6,119] The excitation rate constant 𝑘𝑒𝑥𝑐 of the dye is enhanced 

because it is proportional to |𝜇 𝑎𝑏�⃗� |
2

, where 𝜇 𝑎𝑏  represents the absorption dipole moment of the 

fluorophore and �⃗�  the electric field.[120,121] Consequently, the enhancement of the excitation rate 

constant is strongly dependent on its relative position to the NP dimer.[7,19] This can be seen in Figure 

11b, which shows that the electric field is intensified close to the NPs’ surface and creates a hot spot 

region in between the two NPs. Furthermore, the distance (z) to the NP’s surface is important (Figure 

12b).[7,122] With a decreasing distance to the NP, the excitation rate is enhanced. This leads to an 

enhancement in the fluorescence signal as the excitation rate is directly connected with the fluorescence 

intensity, which is defined by  

𝐼𝑓𝑙 = 𝑘𝑒𝑥𝑐
𝑘𝑓𝑙

𝑘𝑓𝑙+𝑘𝑛𝑟
= 𝑘𝑒𝑥𝑐𝜙    (2.7) 



 Theoretical Background 18 

 

The second quantity involved in equation (2.7) is the quantum yield 𝜙, which is defined in equation (2.2) 

and is directly correlated to the fluorescence intensity as illustrated in equation (2.7). The quantum yield 

expresses the efficiency of the emitting system and includes the radiative and non-radiative decay rates, 

which are both influenced by the NP. The presence of an NP opens up new pathways for the 

depopulation of the S1 state. For short distances of the dye to the NP’s surface, energy is directly 

transferred to the NP, enhancing the non-radiative decay rate constant knr.[6] During this process the 

energy dissipates through heat by Ohmic losses. At larger distances, the radiative decay rate kr, which 

is influenced by the photonic mode density (PMD), plays a more important role.[6] The rate can be 

higher[123] or lower[124] depending on whether the fluorophore is placed in a region of high or low PMD.[6]  

While the excitation rate of a quantum emitter near the NP’s surface is enhanced when the distance 

decreases, the quantum yield is reduced because the non-radiative decay rates get higher.[7,122] Figure 

12b shows a diagram with the excitation rate enhancement and the change in quantum yield for an 

emitter with  𝜙 = 1. At a certain position, both curves cross each other. This is where at shorter distances 

fluorescence quenching becomes important. Similar to the excitation rate, the emission rate constant is 

also impacted by a change in the distance between the dye and the NP (Figure 12c). At distances below 

10 nm quenching occurs, whereas a strong enhancement is visible between 10 and 20 nm.  

 

Figure 12: Jablonski diagram for NP-dye coupling and rate constant changes of a dye. (a) Jablonski 

diagram of an organic dye molecule situated close to a plasmonic NP showing the rates influenced by 

the NP. Fluorophore situated at a distance z to an 80 nm gold nanoparticle excited with a wavelength 

of 650 nm. (b) Excitation rate enhancement (red) and quantum yield (blue), (c) emission rate 

enhancement as function of the dye NP separation z. Solid lines represent exact results and dashed 

lines are approximations. (b) and (c) Reprinted with permissions from [122] and [34]. 

The enhancement of the rate constants is not only dependent on the relative distance between the 

emitter and the metallic NP, but also the size of the NP plays an important role (Figure 12c). With an 

increase in the NP’s diameter the emission rate becomes higher. 

In addition to the distance, the relative orientation of the emitters transition dipole moment to the NP 

also plays an important role in the dye-NP interaction. The coupling between a fluorophore located in 

the hot spot and a NP dimer assembly will be discussed below.[11] Figure 13a and b show sketches of a 

gold NP OA with a fluorophore, illustrated by its transition dipole moment (red arrow), in the gap region. 

The fluorophore’s dipole creates image charges in the NPs (black arrows). The discussion only focuses 

on the two extreme cases of a radial (Figure 13a) and tangential (Figure 13b) orientation with respect 

to the dimer axis. In an aqueous surrounding a fluorophore usually is able to rotate freely and behaves 
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like an isotropic emitter. For a fluorophore inside an OA, the dye is still able to take all possible 

orientations, but the radiation characteristics change. In a radial orientation, the dye can couple to the 

resonant mode of the antenna. On the other extreme, which is the tangential mode, the emission will be 

suppressed. These two effects can be explained with the help of Figure 13a and b: in a parallel 

orientation the dipole is intensified by the image dipoles (Figure 13a), whereas in the perpendicular 

orientation it is canceled out (Figure 13b). This is further illustrated by the simulations shown in Figure 

13c, where the relative change in the quantum yield of an ATTO 647N dye placed in the hot spot of a 

dimer or close to a monomer antenna is drawn as a function of the NP diameter.[11] The quantum yield 

is simulated for a parallel (radial) and perpendicular (tangential) orientation of the dye in the hot spot 

region in a dimer and monomer assembly. The splitting of the two cases again shows what was 

illustrated before by the image charges created by a quantum emitter in the NP’s hot spot. The 

combination of these two effects enhances the emission, and the emitter’s radiation coupled to the 

antenna becomes anisotropic.[125] 

 

Figure 13: Dye-NP coupling illustrated by image charges and quantum yield changes. Image charges 

(black arrows) in a gold NP dimer induced by the dipole moment of a fluorescent dye (red arrow) with 

parallel/radial (a) and perpendicular/tangential (b) orientation to the dimer axis. (c) Simulated quantum 

yield of a single emitter in monomer and dimer NP structures as a function of the NP’s diameter. Values 

are normalized to the quantum yield of 0.65 for ATTO 647N. (c) Reprinted with permission from [11]. 

Based on the influence of plasmonic nanoparticles, excitation as well as emission processes get altered. 

This in turn leads to an adaption of the aforementioned quantum yield, but also the fluorescence intensity 

and lifetime will be affected. A factor to describe the ratio of the modified 𝑘𝑟
′  and unmodified 𝑘𝑟 radiative 

decay rate is known as the Purcell factor. In the following contributions, another characteristic that 

quantifies the influence of a metallic NP on a fluorophore is used, which is the fluorescence 

enhancement (FE) factor. This factor is described as the ratio between the modified 𝐼𝑓𝑙
′  and unmodified 

𝐼𝑓𝑙 fluorescence intensity. 

 

2.3 DNA Origami Nanostructures 

DNA is a biomolecule carrying genetic information of organisms and viruses. It exists as a right or left 

handed double helical structure (Figure 14a) corresponding to A- and B- or Z-DNA, respectively. The 

most common form is the B-DNA, decoded by Watson and Crick.[126,127] Each strand of the double helix 

has a 3’- and 5’-end that in a paired case run antiparallel to each other and consist of a sugar phosphate 

backbone connecting the nucleobases. These bases are the purines adenine (A) and guanine (G) as 
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well as the pyrimidines thymine (T) and cytosine (C). To form the double helical structure, two of the 

four bases build specific base pairs (Figure 14b) through hydrogen bond formation. Hence, adenine 

pairs up with thymine and guanine with cytosine.  

 

Figure 14: Molecular structure of DNA. (a) B-DNA double helical structure with a major and a minor 

groove. One whole turn is reached after 10.5 base pairs (bp), and the distance between two adjacent 

base pairs is 3.4 nm. (b) Structural composition of the DNA base pairs and DNA sugar phosphate 

backbone. Thymine (green) and adenine (red) as well as cytosine (blue) and guanine (orange) build 

base pairs via hydrogen bonds. 

The specificity of DNA can be used to build predefined structures with the help of the DNA origami 

technique introduced by Paul Rothemund[16] and based on previous work of Nadrian Seeman[17]. With 

the help of the program caDNAno[128] two- or three-dimensional DNA origami structures can be 

designed.[18,129] The process of DNA origami folding is shown in Figure 15a. As a basis for the structures 

a circular single stranded DNA (scaffold), built from several thousand bases and extracted from a 

bacteriophage, is folded with the help of about 200 short single stranded DNA strands (staples) into a 

predefined shape. To fold the structures, a temperature gradient over time is applied to a buffered 

mixture of salts, scaffold, and staple strands. Here, the temperature gradient, which starts at 70 °C, 

forces the scaffold strand through the short staple strands into the designed shape. The time needed 

for this process is dependent on the final structure. Complex 3D structures usually take longer to fold 

than 2D structures (1.5 – 26 h). 

An example of folded structures is given in Figure 15b, which shows an atomic force microscopy (AFM) 

image of folded and purified rectangular DNA origami structures (NRO[63]). The technique of DNA 

origami is not only helpful for the design of different shapes, but it is highly modular as well as it is 

possible to modify DNA with different functional groups, fluorescent dyes (red sphere and inset in Figure 

15c) or biomolecules to position them on the structures with stoichiometric and nanometer accuracy. 

Also, DNA extensions can be introduced that are able to bind bigger particles (yellow sphere in Figure 

15c), such as nanoparticles covered with a complementary sequence, or that can be used for DNA-

PAINT experiments (see 3.2.3.1). For immobilization on a glass surfaces, the DNA origami structures 

have biomolecules (biotin) attached (Figure 15c). The glass surface is functionalized with BSA-biotin 

and neutrAvidin to bind the biotins from the DNA origami structures with high stability enabling single-

molecule experiments. Thus, DNA origami structures are highly versatile and modular platforms. 
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Figure 15: DNA origami folding and functionalization properties. (a) Folding process of a DNA origami 

structure. A circular single stranded scaffold strand (black) is folded by short single stranded staple 

strands (blue) with the help of a temperature gradient into the predefined shape (here: rectangular 

structure). (b) Atomic force microscopy (AFM) image of folded rectangular DNA origami structures. (c) 

Immobilization of DNA origami structures on a functionalized glass surface with BSA via biotin and 

neutrAvidin, attachment chemistry of a fluorophore to a DNA staple, and binding of gold NPs via DNA 

hybridization. 
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3. Microscopy Techniques 

Many different measurement techniques are used in fluorescence spectroscopy to address 

photophysical, biological and other related problems. They can be divided into ensemble and single-

molecule techniques, where the method of choice depends on the exploratory problem. The focus of 

this thesis is on single-molecule techniques. In the following chapters, measurement techniques are 

introduced that are used for the problems addressed in this thesis. They can be subdivided into temporal, 

orientation and sub-diffraction distance resolution measurement techniques. A differentiation between 

confocal[130] and wide-field microscopy[3] is made, and special implementations in each of these 

microscopy techniques are introduced. Modifications in these basic microscopy principles are versatile 

and span huge areas of applications. The focus of this thesis lies on time-resolved confocal 

measurements with fluorescence lifetime extraction (chapter 3.1) in different probe assemblies. 

Furthermore, the modifications required for polarization-resolved measurements (chapter 3.2.1), 

defocused imaging (chapter 3.2.2), and spatial resolution by DNA-PAINT measurements (chapter 

3.2.3.1) are explained.  

 

3.1 Confocal Microscopy 

In confocal microscopy, a laser beam is focused to the sample surface, and the emission of the excited 

molecules is collected by the same objective that is also used in the excitation process. With the help of 

a dichroic beam splitter, the emission light is separated from excitation light and focused on an APD 

(avalanche photo diode). By the use of pulsed lasers and time correlated single photon counting 

(TCSPC) modules the fluorescence lifetime of a molecule can be measured. 

The confocal setup used in this thesis, which is depicted in Figure 16, is based on an inverted Olympus-

IX81 microscope. For excitation, a pulsed white light laser source (78 MHz, SuperK Extreme, NKT 

Photonics) is used. With a first AOTF (acousto-optical tunable filter, 2012608, Crystal Technology Inc.) 

the wavelength of the laser can be set e.g. to 532 nm and 639 nm, and with a second AOTF 

(AA.AOTF.nsTN, A-Opto-Electronic) an alternation of both laser lines can be achieved. By using a 

neutral density filter (nd filter, ndF, OF 0-2, Thorlabs), the laser power of the excitation laser can be 

tuned before it is coupled into a polarization-maintaining single mode fiber (PM-fiber, P1-488PM-FC-2, 

Thorlabs). The laser is further directed through a combination of a linear polarizer (LPVISE100-A, 

Thorlabs,), an EOM (electro-optical modulator, L 0202, Qioptiq), and a quarter-waveplate (AQWP05M-

600, Thorlabs) in order to generate linear polarized light that can be rotated about its own axis with a 

specific frequency. Thus, all molecules with a fixed electric dipole moment can be excited with the 

matching polarization to gain the best excitation and highest fluorescence response. The laser beam is 

then focused in the sample plane through an immersion oil objective (UPlanSApo 100x, NA = 1.4, 

WD = 0.12 mm, Olympus). Scanning in x- and y-direction of the sample is performed with a piezo stage 

(P-517.3CL, E-501.00, Physik Instrumente GmbH & Co. KG). The emitted light is collected by the same 

objective used in excitation and separated from the excitation light by a dichroic beam splitter. After 

separation, the emitted light is focused in the plane of a pinhole (50 µm, Linos) to block scattered light 
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and out-of-focus emission from dyes and particles in solution. Afterwards, the light is directed to an APD 

(Avalanche Photo Diode, SPCM, AQR 14, Perkin Elmer) by a combination of two lenses. For spectral 

separation of emitted light of different wavelengths, a dichroic mirror is used to direct the light to two 

independent APDs. The light is filtered by emission filters (green: BrightLine HC 582/75, Semrock Inc.; 

red: RazorEdge 647, Semrock Inc.) before impinging on the APDs. 

 

Figure 16: Scheme of the confocal setup used in this thesis. The excitation path is illustrated by a blue 

line, emission by a red/orange line. Electric connections are visualized by black lines.  

To perform time correlated single photon counting, a TCSPC system (Hydra Harp 400, PicoQuant, 

Germany) is implemented (further details see the following chapter), and data processing is performed 

by a custom written LabVIEW software. 

3.1.1 Time-Resolved Confocal Microscopy 

The confocal microscope used in this thesis is connected with a TCSPC module to accurately detect 

the photon arrival times and extract the fluorescence lifetime. To this end, a pulsed white light laser 

source is used to excite the sample, with the starting point of the laser pulse being known. After the 

excitation of a molecule, a photon may be emitted and detected on an APD. This point in time is set into 

relation to the starting point of excitation (Figure 17a). The lag time between the excitation and emission 

pulses gives the decay time of a single emission event (Figure 17b). Through many repetitions (1-N) of 

this process, a histogram of the decay times is gained, which resembles the shape of the decay (Figure 

17c). By fitting the slope of this decay with a mono-exponential function, the fluorescence lifetime of an 

emitter can be extracted. The limitation of this technique is based on the repetition rate of the laser (in 

the presented studies 78 MHz) and the lag times in the electronics. A measure to describe the limit of 

the shortest measureable fluorescence lifetime is the IRF (instrument response function). The IRF 

depends on the shape of the excitation pulse and is limited by the detector as well as the timing 

electronics.[3] Measured fluorescence lifetimes are usually de-convoluted from the IRF to extract the real 

fluorescence lifetimes. 
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Figure 17: TCSPC in confocal microscopy. (a) Schematic of the TCSPC principle. A sample is excited 

with a laser that sends an electric signal to the TCSPC module to start. The emission is detected by an 

APD, which sends a stop signal to the TCSPC module. The time between both pulses is plotted in a 

histogram. The single events of emission occur at different delay times ∆𝑡 to the excitation pulse (b). All 

of these 1–N events sum up in a histogram which resembles the waveform of the decay time (c). Here, 

a fluorescence decay of ATTO 647N is shown. 

Besides the extraction of fluorescence lifetimes from intensity transients, fluorescence lifetime imaging 

microscopy (FLIM) can be performed. To gain FLIM images, the collected data from the scanned 

confocal images is used to calculate the fluorescence lifetime of each scanned pixel with the help of a 

home written LabView software.  

 

3.2 Wide-Field Microscopy 

In contrast to confocal imaging, in wide-field microscopy the laser is not focused in the sample plane, 

but in the back focal plane of an objective and then directed to the sample, illuminating a large area. 

Due to the larger imaging area, wide-field illumination enables the detection of many molecules at a 

time. 

The used wide-field setup, a sketch of which is shown in Figure 18a, is based on an inverted Olympus 

IX71 microscope. A 644 nm diode (ibeam smart, Toptica Photonics) and a 532 nm fiber laser (MPB 

Communications) are used for excitation. A spectral clean-up of the lasers is performed by the use of 

filters (red: Brightline HC 650/13, Semrock; green: Z532/647x, Chroma). After cleaning up, the laser 

passes through a linear polarizer (LPVISC100-MP2 510−800 nm, Thorlabs) in order to clean up the 

polarization before being directed to a removable quarter- (AQWP05M 400-800 nm, Thorlabs, Germany) 

or half-waveplate (AHWP05 M 400−800 nm, Thorlabs). The working principles of the waveplates are 

further described in chapters 3.2.1 and 3.2.2. The laser beam is focused in the focal plane of the 

objective (UPLXAPO 100×, numerical aperture (NA) = 1.45, working distance (WD) = 0.13, Olympus) 

through lenses mounted on a x-microstage. For sample stabilization, a nosepiece stage ((IX2-NPS, 

Olympus) together with an actively stabilized optical table (TS-300, JRS Scientific Instruments) are 

implemented. The emitted light from the sample on top of the nosepiece stage is collected by the same 

objective that is used in excitation and separated from the excitation light by a dichroic mirror (Dual Line 
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zt532/640 rpc, AHF Analysentechnik). After spectral separation, the emission light is focused through 

an emission filter (red: ET700/75, Chroma; green: BrightLine 582/75, AHF Analysentechnik) on an 

EMCCD camera (electron multiplying charge-coupled device, iXon X3 DU-897, Andor) by a lens. Data 

acquisition is performed by the open source microscopy software Micro-Manager operated in 

ImageJ.[131]  

 

Figure 18: Scheme of the wide-field setup used in this thesis. Sketch of the wide-field setup (a) and the 

special illumination mode of TIRF (b). Working principles of a quarter-waveplate (c) and a half-waveplate 

(d). 

A measurement mode of wide-field microscopy is the TIRF (total internal reflection fluorescence) 

microscopy.[132,133] Here, the excitation laser beam is directed to the glass interface with an angle 𝛼 to 

the optical axis z (Figure 18b). This angle is achieved by the movement of the x-microstage. At an angle 

below the critical angle, given through the diffraction indices of glass (n1) and the medium (n2), the laser 

beam will be totally reflected into the direction of the denser medium. In the case of a glass-water 

interface, glass is the denser medium, and an evanescent field will be created in the aqueous medium. 

This evanescent field is propagating along the optical axis, has a maximum directly at the glass surface, 

and decays exponentially into the sample. The advantages of wide-field microscopy are the examination 

of many molecules at the same time, but still on the single-molecule level, and the suppression of the 

background by TIRF illumination. 

Modifications in the wide-field microscope introduced in this chapter and special wide-field microscopy 

techniques used in this thesis are introduced and discussed in the following chapters. 

3.2.1 Polarization-Resolved Wide-Field Microscopy 

In this thesis, a polarization-resolved technique is implemented in a wide-field setup. The linearly 

polarized excitation laser beam is cleared up by a linear polarizer and then rotated with the help of a 

half-waveplate mounted in a rotatable motorized stage (K10CR1/M stepper motor, Thorlabs). This 

combination enables a stepwise rotation of the incoming linearly polarized excitation light by 2𝛼 for an 

incidence angle of 𝛼 to the optical axis of the waveplate (Figure 18d). Emitters excited with different 

polarizations of the laser beam exhibit differences in their fluorescence intensity time traces (see Figure 

6c in chapter 2.1.1). If the emitter is freely rotating, the emission will have a constant intensity for all 

excitation polarization directions and is called an isotropic emitter. If, on the other hand, the emitter is 

fixed in a certain orientation, the fluorescence intensity will exhibit a modulation depending on the 
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relative orientation between the excitation polarization and the transition dipole orientation of the emitter. 

The modulation is extracted from  

𝑀 =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
     (3.1) 

Here, 𝐼𝑚𝑎𝑥 is the maximum and 𝐼𝑚𝑖𝑛 the minimum intensity of a modulated trace. In a strong modulating 

case (M ≈ 1) the detected intensity reaches a maximum at an orientation where the excitation 

polarization matches the transition dipole orientation of the emitter and decreases to a minimum of 

nearly 0 for a perpendicular orientation. If the modulation value is between 0 and 1, the fluorophore is 

not completely oriented and fluctuates around its actual position. Using this technique, it is thus possible 

to obtain the absorption dipole moment orientation of single fluorophores.  

3.2.2 Defocused Imaging 

Orientation resolution can not only be obtained by polarization-resolved wide-field microscopy but also 

by a technique called defocused imaging. This technique provides information about the 3D orientation 

of transition dipole moments and was first introduced with immersion mirror objectives for imaging in a 

cryostat at low temperatures.[134,135] It can be used to extract emission dipole orientations and can be 

performed on a common wide-field microscope. Besides the determination of the emission dipole 

orientation it is also possible to extract information about the absorption dipole orientation[136], which, 

however, is out of the scope of this thesis. 

By changing the position of the objective or camera used for detection, the image mapped on the camera 

changes as well.[137–139] If the sample is in focus of the objective, the mapped image shows diffraction-

limited point spread functions (PSF) representing the emitting molecules. By defocusing the system, the 

sample is shifted away from the focal plane, and the coupling of the emission into the detection optics 

changes. Thus, the mapped image on the camera does not show the PSFs as in the focused case, but 

rather exhibits a defocused image that displays the dye’s emission pattern. A defocusing of 1 µm was 

found to be sufficiently good to show the bipolar emission patterns and not too strong to worsen the 

signal-to-noise ratio.[139,140] 

To excite single dipole emitters with the same probability, a circularly polarized laser beam is used. A 

circular polarization can be achieved by the implementation of a quarter-waveplate into the excitation 

beam path (Figure 18c). This waveplate can turn linear into circular polarized light and vice versa. In a 

defocused image, other than in focused images (Figure 19a), each molecule shows an emission pattern 

that contains information about the orientation of its emission dipole (Figure 19b). Thereby, the angle 

between the dipole and the optical axis θ and the in-plane angle ϕ (Figure 19c) can be used to define 

the defocused emission pattern and its relative orientation of transition dipole moment to the glass 

surface. Simulated emission patterns for a set of dipole orientations are depicted in Figure 19d. From 

these simulated images it can be concluded that ϕ rotates the emission pattern in the x-y-plane, whereas 

θ is showing more drastic effects, because a rotation out of the x-y-plane is changing the symmetry in 

the emission patterns. 
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Figure 19: Defocused imaging. Focused (a) and defocused (b) images of a dipole emitter on a glass 

surface. (c) Coordinate system with the angle between the dipole and the optical axis 𝜃 and the in-plane 

angle 𝜙. (d) Simulated images of dipole emitters close to a glass interface. (d) Reprinted with permission 

from [138].  

The defocused emission patterns of emitters depend for example on the chemical structure, the 

surrounding medium, and environmental factors. While a dipole emitter is able to rotate freely in an 

aqueous solution, the situation is different in a polymer film. The polymer locks the dye in a certain 

position, which then becomes an anisotropic emitter with a two-lobe emission pattern arising from the 

emission characteristics as described in chapter 2.1.1. These films will not only lock the dye, but the 

thickness of the film also has an impact on the emission patterns.[138,141] Contrarily to the behavior of 

fixed dipoles, the isotropic case shows circular emission patterns because it emits in all directions with 

the same probability.  

3.2.3 Super-Resolution Techniques 

Optical imaging systems like light microscopes are limited in their resolution by the diffraction limit 

described by Ernst Abbe in 1873.[142] He found that the minimum resolvable distance d for light of the 

wavelength 𝜆 traveling through a medium is given by  

𝑑 =
𝜆

2NA
      (3.2) 

Here, NA is the numerical aperture of the used microscope objective. This limitation makes it impossible 

to resolve distances below about one half of the wavelength. This means that distances above the 

diffraction limit are resolvable without special techniques (Figure 20a), but at distances below the 

diffraction limit two emitters will only be seen as one spot because the PSFs of both emitters overlap, 

making it impossible for the distance to be resolved (Figure 20b). 

 

Figure 20: Blinking in super-resolution microscopy. (a) Two emitters within a distance above the 

diffraction limit, which are resolvable. (b) Two emitters at a distance below the diffraction limit, which 

cannot be resolved. (c) Sequential blinking of the emitters in (b), with each emitter being localized at a 

different time making the distance resolvable. (d) Intensity versus time trace with no intensity for the “off” 

and high intensity for the “on” state. 

The resolution ∆𝑥 is inversely proportional to the square root of detected photon number N. 
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∆𝑥 ∝
1

√𝑁
      (3.3) 

Several techniques have been invented throughout the last years to overcome this hurdle of the 

diffraction limit, for example technical implementations like STED (stimulated emission depletion), where 

the molecule is only excited at its central position by the overlap of an excitation laser with a surrounding 

donut shaped depletion laser. An extension of this technique is MINFLUX[143,144] (minimal photon fluxes), 

a combination of structured illumination and single-molecule localization. 

A second group of super-resolution techniques is single-molecule localization microscopy (SMLM). 

While the techniques based on technical implementations are surface scanning approaches, SMLM is 

based on wide-field illumination. These techniques rely on mechanisms to switch molecules between 

an “on” and an “off” state. The switching of molecules leads to only one molecule being “on” at a time in 

a diffraction-limited volume. This molecule can be localized before the next molecule is switched into 

the “on” state and is also localized. Accumulations of these localizations are used to calculate the 

diffraction-limited distance between two spots (Figure 20c). The fitting of the PSFs is done with a 2D-

Gaussian model that reproduces the shape of the PSF: 

𝑓(𝑥, 𝑦) = 𝐴 𝑒𝑥𝑝 (−
1

2
((

𝑥−𝑥0

𝜎𝑥
)
2
+ (

𝑦−𝑦0

𝜎𝑦
)
2

))   (3.4) 

In equation 3.4, A is the amplitude, x0 and y0 the center coordinates and 𝜎𝑥 and 𝜎𝑦 the standard deviation 

of the Gaussian function. A fluorescence transient with signal fluctuations owing to “on” and “off” 

switching of fluorescence molecules can be seen in Figure 20d. The “on/off”-switching can be achieved 

by different methods, such as STORM[145] (stochastic optical reconstruction microscopy), where blinking 

between the “on” and the “off” state of fluorescent organic dyes is induced by a specific imaging buffer, 

or PALM[146,147] (photoactivated localization microscopy), which uses photoactivatable or 

photoswitchable proteins to induce blinking. A technique that is also counted towards the group of 

methods with stochastically blinking molecules is the technique of DNA-PAINT[148] (points accumulation 

for imaging in nanoscale topography), which is explained in more detail in the following chapter.  

3.2.3.1 DNA-PAINT 

DNA-PAINT is a far-field fluorescence nanoscopy or super-resolution fluorescence microscopy 

technique where sub diffraction-limited resolution is achieved by stochastic binding and unbinding of 

single DNA strands carrying fluorescent dyes (imager strands).[148] The advantages of DNA-PAINT are 

the independence of photobleaching of fluorescent dyes thanks to a continued strand exchange and the 

fact that switching of the molecules does not rely on harsh buffer conditions as required in STORM 

experiments. Also, the laser power does not need to be as high as in STED measurements, and no 

harmful UV light has to be used. 

In DNA-PAINT measurements, a DNA origami structure is modified with protrusions of a specific DNA 

sequence of the length of a few base pairs. These specific sequences can bind single stranded imager 

strands with a complementary sequence (e.g. 8 bp long) and an attached fluorescent dye (Figure 21a). 

The short binding sequence thereby only leads to a transient binding of the imager strands. In the bound 
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state the fluorophore is assigned to the “on” state, whereas after dissociation of the imager strand the 

molecule is in the “off” state. The stochastically binding and dissociation leads to only a few emitters 

being in the “on” state at the same time in one imaging frame. Thereby, only one binding event will be 

recognized per DNA origami structure. The kinetics of this mechanism can be tuned by the concentration 

and the length of the imager strand.  

After data acquisition an image reconstruction is performed, where each spot in a frame gets fitted by a 

Gaussian function, with the center of the function being the molecules position in the lateral plane. The 

framewise integration over the “on” events leads to an accumulated localization of the binding sides and 

previously diffraction-limited images (Figure 21b) are reconstructed into super-resolved images (Figure 

21c). Distances in the designed sample structure can be extracted from the accumulated spots.  

 

Figure 21: The principle of DNA-PAINT. (a) Sketch of the DNA-PAINT technique with protruding strands 

on the DNA origami structure for imager binding (short single strands with red dye). (b) shows a 

diffraction-limited image of the super-resolved image in (c), which illustrates the irregular triangular 

pattern of the structure sketched in (a). Scale bar in (b) and (c) is 500 nm. 

With the help of DNA-PAINT the best lateral resolution of 6 nm was obtained[149,150], whereas the axial 

resolution was pushed down to about 2 nm by the implementation of graphene surfaces that exhibits an 

energy transfer to the fluorescing molecules in close proximity with a d-4 dependency.[43] 
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4. Overview of Published Work 

4.1 Publication 1: Directing Single-Molecule Emission with DNA Origami-Assembled 

Optical Antennas 

In the associated publication P1, the influence of a plasmonic nanoantenna on the absorption and 

emission characteristics of a fluorescent dye is studied. The influence of nanoparticles on single photon 

emitters, like organic dyes, has already been extensively studied.[151,152] It is known that the geometry of 

an antenna assembly is important for the coupling efficiency of the dye-antenna system. Also it has 

been demonstrated in theoretical studies[11,39] as well as in experiments[22] that the antenna’s main 

resonance mode is dominating the emission processes, but a clear visualization of this effect has not 

been shown so far.  

To address and visualize the effect of plasmonic antennas on the absorption and emission of a 

fluorescent dye, DNA nanotechnology is used as a bread board for the dye-antenna assembly. In order 

to perform the measurements on a single molecule level, the self-assembled antenna structures are 

immobilized on a glass surface. First, a defocused image (Figure 22a and b) is acquired to extract the 

emission dipole orientation, and second, a polarization-resolved measurement is carried out for the 

extraction of the absorption dipole orientation. To perform the aforementioned measurements, slight 

changes in the excitation pathway of a home-build wide-field setup have to be made for both techniques 

(see chapters 3.2.1 and 3.2.2).  

 

Figure 22: Measurements of correlative defocused imaging and polarization-resolved spectroscopy. (a) 

and (b) show exemplary defocused images of a single emitter in a DNA origami structure and an emitter 

coupled to a plasmonic antenna, respectively. (c) depicts an exemplary transient for the polarization-

resolved wide-field measurements of a dye coupled to a plasmonic antenna. Correlation of the emission 

(extracted from b) and excitation dipole orientations (extracted from c) of the dimer structures show good 

agreement (d). Reprinted with permission from [13]. 

The emission dipole orientation is extracted from the defocused images, where attention has to be paid 

on the radiation characteristics of a dipole emitter, which is perpendicular to its dipole orientation (also 

see section 2.1.1). Fluorescence transients from the polarization-resolved wide-field measurements 

show a modulation in the fluorescence intensity signal of a dye coupled to a plasmonic antenna (Figure 

22c). The acquired modulating trace provides information about the absorption dipole orientation, which 
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is extracted by fitting the modulated values with a cosine-square function and searching for the 

maximum. Hence, it is not only possible to illustrate that the emission of a previously isotropic emitter 

becomes directional (Figure 22b) through the dye-OA coupling, but also that the absorption transition 

dipole (Figure 22c) is affected in a similar way. The isotropy of the single dye in emission can be seen 

in the defocused emission pattern of the single dye (Figure 22a) and in absorption in a non-modulating 

trace in the polarization-resolved measurement. Apart from a directionality of both transition dipole 

moments a co-alignment is also shown (Figure 22d), meaning that the antenna’s main resonance mode 

is dominating emission as well as absorption processes. 
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4.1.1 Associated Publication P1 
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by 
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Guillermo Acuna 

 

 

 

Published in  
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The full publication and supporting information are attached in appendix A1. 
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4.2 Publication 2: Determining the In-Plane Orientation and Binding Mode of Single 

Fluorescent Dyes in DNA Origami Structures 

The relative orientations of fluorescent dyes are of great interest in studies like FRET or plasmonic 

devices like dipole antennas.[11] Whereas the orientation of bulky elements like gold nanorods can easily 

be performed with electron beam lithography[125,153] or on DNA origami structures[154,155], it is challenging 

to control the orientation of single fluorescent dyes. Dyes can be attached in two different ways to DNA 

origami structures. The first way is to attach them non-covalently through dye DNA interactions. These 

dyes can be separated into groups of intercalators, groove binders and dyes that adhere to the dsDNA 

backbone.[54] While an orientation control is gained, geometric and stoichiometric control are not given. 

The second approach to bind fluorophores to DNA is covalently through linkers. These linkers are often 

amino-C6 linkers attached to the 3’- or 5’-end of DNA, or internally. Through this technique a geometric 

and stoichiometric control is reached, but it lacks the orientation control of intercalators. Fluorophores 

attached to DNA exhibit the ability to rotate freely around their point of linkage if in an aqueous solution. 

If measured dried on a surface or embedded in polymer films, this rotational freedom is lost, and the 

dyes stick randomly to DNA. The advantage of rotational freedom is also lost in aqueous surroundings 

if the dyes interact with DNA. These interactions can result from 𝜋–𝜋  stacking or hydrogen bond 

formation. Although fluorescent molecules have the ability to stick in preferred orientations in DNA, 

methods to resolve these orientations do not exist. Hence, in the associated publication P2 a combined 

measurement procedure is introduced to analyze the relative orientations of single fluorescent dyes in 

DNA origami structures.  

To investigate the in-plane orientation of these dyes, the techniques of DNA-PAINT and polarization-

resolved wide-field microscopy are combined in order to extract information about the DNA origami 

structure orientation and the orientation of the fluorescent dye in the structure. A patterning on the 

rectangular DNA origami structure makes it possible to resolve the orientation of the rectangle on the 

glass surface with super-resolved DNA-PAINT images (gray square and line in Figure 23a). Polarization-

resolved wide-field imaging on the other hand shows modulated fluorescence intensity transients. The 

spatial orientation 𝜑 of the dye’s transition dipole orientation can be extracted from these modulated 

transients. The relative angle Φ of the transition dipole on the DNA origami structures can be calculated 

from both extracted orientations. With the help of the aforementioned procedure a set of seven samples 

is analyzed, in which on the one hand the molecular surrounding is changed and on the other hand the 

fluorescent dye itself is varied. Dyes under study are ATTO 647N (Figure 23d), ATTO 643 (Figure 23e), 

a hydrophilic version of ATTO 647N, which is supposed to be less sticky, and the cyanine dye Cy5 

(Figure 23f). We find that different orientations can be taken by the fluorophores in slightly modified 

environments (sample 1 and 2). In sample 1 (Figure 23c) showing a gap created by two missing 

nucleotides adjacent to the fluorescent dye, all dyes have similar orientations (sample 1 in Figure 23d-

f). However, a minor change in the surrounding by closing the previously open gap changes the situation 

(sample 2, Figure 23c) , and all dyes now show differences in the overall measured orientation 

distributions (sample 2 in Figure 23d-f). While the structural related dyes ATTO 647N and ATTO 643 
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still show a similar preferred orientation that peaks at different angles, the Cy5 dye does not show any 

tendency in its orientation.  

 

 

Figure 23: Measured and simulated dye orientations in two different assemblies with three different 

dyes. (a) DNA-PAINT image to extract the DNA origami orientation. (b) Extracted intensity values from 

a modulated intensity transient for each excitation polarization, with 𝜑 being the fluorophore orientation 

with dipole moment 𝜇𝐺⃗⃗ ⃗⃗ . (c) Sketches of sample 1 and 2 showing the DNA assembly around the 

fluorescent dye. (d) Measured and simulated data for the ATTO 647N orientation. (e) and (f) show the 

measured orientations for ATTO 643 and Cy5 in the same assemblies as for ATTO 647N. Reprinted 

with permission from [156]. 

Additional molecular dynamics (MD) simulations are used to revisit the measured dye orientations on 

the structural molecular level. In order to minimize the computational costs, only small segments of three 

short DNA helices with the dye on the middle helix are simulated (similar to Figure 23c). From the MD 

simulations, dye orientations are extracted and set into context with the measured orientations. The MD 

simulations show that in sample 1 the dyes seem to arrange themselves in the created gap, something 

which is also recognized from experimental data, whereas in sample 2 different geometries are visited. 

Besides the orientations matching the experimental data, the simulations also yield additional occupied 

states. This distribution broadening can be attributed to the short sampling time, which leads to an 

incomplete representation of the energy landscape. On the other hand, the simulations help to 

rationalize the measured results. The conformational states visited at the measured angles coincide with 

possible interactions in the varied geometries of the different samples. 
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4.2.1 Associated Publication P2 
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4.3 Publication 3: Salt-Induced Conformational Switching of a Flat Rectangular DNA 

Origami Structure 

A plethora of controlled and stochastic fluctuating structures have been implemented in different fields 

of science. The movements of these flexible structures are often actuated by specific structural motifs. 

The controlled switching of a hinge-like DNA origami structure, for example, could be controlled by 

strand displacement reactions[72] or changes in salt concentration.[157] Furthermore, robotic arms 

responding to external electric fields have been introduced.[73] The stability of DNA origami structures 

as well as several of the flexible elements of the systems highly rely on salt identity and concentration.[158] 

First studies have shown that the measured distances in a DNA-PAINT experiment on a rectangular 

DNA origami structure vary for different salt concentrations. It has been found that the long distance on 

the rectangle stays nearly constant, while the diagonal distance decreases for a change in salt 

concentration from 0 to 500 mM MgCl2.[63] In addition, other studies have demonstrated that different 

salts can occupy different places in a DNA double helix[159,160] or DNA origami structure[62,161].  

In the associated publication P3 the impact of the concentration of bivalent cations on a 2D DNA origami 

rectangle (NRO) is studied in detail. To this end, the NRO is modified in two different ways and 

investigated from medium (12 mM) up to high (1000 mM) salt concentrations of MgCl2 and CaCl2. In the 

first assay, a DNA-PAINT experiment is performed (Figure 24a and b). For this purpose, DNA-PAINT 

binding sequences are attached on both long edges of the NRO to bind imager strands. An analysis of 

the distance between the two resolved lines at increased salt concentrations reveals a reduction in the 

measured distances (Figure 24c) and nicely reproduces the aforementioned studies[63]. Besides the 

size-reduced NROs, DNA origami structures, which seem to be collapsed (visualized by only one line 

in the SR images and indicated by yellow arrows in Figure 24b) are also present. To further investigate 

these DNA origami structures and answer the question of underlying dynamics in these systems, an 

energy transfer assay is designed on the same structure. In this assay, the energy transfer occurs 

between a red fluorophore (ATTO 647N) in one corner of the NRO and a 10 nm gold NP attached in the 

central region of the NRO. In order to only focus on structures with the complete energy transfer 

assembly, a green dye (ATTO 532) underneath the NP reports on NP binding. The fluorescence lifetime 

of the dyes is extracted with the help of FLIM, and a quenching in fluorescence intensity and lifetime 

can be related to a movement of the dye and therefore the whole NRO. This quenching is observed in 

fluorescence lifetime images in a salt-exchange experiment showing a reversibility in the quenching 

effect (Figure 24d). A more detailed analysis to resolve dynamics of the systems is performed in a salt-

titration experiment (12–1000 mM MgCl2) with the recording of single-molecule transients. Furthermore, 

the titration experiment reveals how the structure behaves at intermediate salt concentrations. The same 

experimental procedure is repeated for the bivalent cation calcium. This ion shows stronger affinity to 

DNA, and an earlier occupation of the quenched fluorescence lifetime state is expected. This 

expectation is confirmed by measurements (Figure 24e). Furthermore, the data illustrates that the ATTO 

647N does not slowly approach the NP but that a two-state system of the NRO is present. The two 

states are assigned to a flat (Figure 24f) and a rolled-up (Figure 24g) geometry of the NRO, whereby 
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the rolled-up geometry is stabilized by the high concentration of the bivalent ions that bridge the two 

opposing sides of the NRO. 

 

Figure 24: Super-resolved DNA-PAINT images and fluorescence lifetime quenching in a dynamic DNA 

origami assembly at different salt concentrations. Super-resolved DNA-PAINT images of the NRO 

labeled at the long sides at 12 mM MgCl2 showing two parallel lines (a) and at 500 mM MgCl2 with a 

significant fraction of structures showing one line (marked by yellow arrows; b). (c) Measured distances 

between the two parallel lines indicating a decrease with an increased MgCl2 concentration. (d) 

Consecutive fluorescence lifetime images of the same area at 12, 1000 and 12 mM MgCl2 to 

demonstrate the changes in the fluorescence lifetime and the recovery of the original system. (e) Results 

from titration experiments for Mg2+ and Ca2+ ion concentrations showing the fractions of long and short 

fluorescence lifetimes to illustrate the changes between the different concentrations. Data is taken from 

fluorescence lifetime transients for several single structures. (f) shows the flat geometry associated with 

the parallel lines and a long fluorescence lifetime in DNA-PAINT and FLIM images. (g) Rolled-up 

geometry of the rectangular DNA origami structure associated with one line and a short fluorescence 

lifetime in (b) and (d).  

Both measurements show that a structural change in the flat NRO takes place with increasing salt 

concentrations. Additionally, calculations are performed to reveal the rolling-up axis in the NRO, which 

can be along the DNA helices or diagonal on the DNA origami rectangle. 
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5. Conclusion and Outlook 

The thesis shows that dye orientations play an important role in fluorescent dye-OA assemblies. 

Depending on the relative orientation with respect to the OAs axis, the fluorophore experiences a strong 

fluorescence enhancement or nearly complete suppression. As the fluorophore’s orientation plays a 

decisive role in OA coupling, an assay is developed to report on the relative orientation of a fluorophore 

in a DNA origami structure. With the help of this assay, orientations of different fluorophores are 

extracted in a rectangular DNA origami structure in various nano-environments. Not only fluorophores 

in DNA origami structures can be caught in preferred orientations but also dynamic DNA structures, like 

Holliday Junctions. In these junctions it is neither the immediate surrounding of DNA nor the chemical 

structures that are the driving forces for structural changes, but bivalent cations that can bridge DNA 

helices inducing long-lived salt-nucleic acid interactions. Salts have also been shown to be inevitable to 

contribute to the stability of DNA origami structures. So it has been further illustrated that strongly 

elevated concentrations of bivalent cations can substantially impact the geometric conformation of a 

rectangular DNA origami structure.  

Publication P1 analyzes how an OA is directing the absorption and emission of a single coupled 

fluorophore. To this end, a red fluorescent dye is coupled to an OA in order to study the effect of the 

antenna on the absorption and emission directionality. For this purpose, the coupled system is compared 

to a DNA origami structure with only the dye incorporated. To extract the information about the dipole 

orientations, polarization-resolved wide-field measurements and defocused imaging are used to obtain 

the absorption and emission dipole orientations, respectively. Both measurements are performed for the 

reference sample and the coupled dye-OA system revealing that both absorption and emission dipole 

orientations are rotationally free in the reference and become anisotropic in the coupled system. A 

correlation between both extracted dipole orientations shows a good alignment. It can be concluded 

from these experiments that the main resonance mode of the OA is directing the absorption and 

emission of a coupled dye through efficient dye-antenna coupling in a parallel orientation and a 

quenching in the perpendicular orientation of the dye to the OA’s axis. Using these studies as a basis, 

more complex systems could be engineered like nanoantenna systems for color routing[162–165] and 

directional emission. Color routing could, for example, be achieved with bimetallic dimer antenna 

systems[166–169]. While bimetallic antennas show the ability to route light of different wavelength into 

different directions (Figure 25a and b), trimer gold structures[170] or constructed Yagi Uda 

antennas[5,125,171,172] could serve as directors (Figure 25c). DNA functionalization of gold and silver NPs 

as well as fluorescent dyes linked to single stranded DNA allow the assembly of such a bimetallic 

antenna on a DNA origami structure. To build the color routing assembly, a silver and gold NP can be 

bound on a DNA origami structure with a green–red FRET pair in the hot spot region. If the antenna is 

illuminated with a green laser, the green dye transfers energy to the red dye and the emission is then 

directed by the asymmetric antenna in direction of the Au NP (Figure 25a). After acceptor bleaching, the 

green dye is fluorescing and the emission light is guided into the Ag NP direction (Figure 25b). Another 

way to switch between dyes would be to use chemical adducts that induce blinking, similar as in super-

resolution localization microscopy.[173,174] Alternatively, dyes showing the ability of spectral shifts could 

be employed.[175,176] Thus, if measured with the defocused imaging technique, the emission patterns 
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should change during the measurement indicating the bleaching/switching process of the dyes and the 

routing ability of the bimetallic antenna. 

 

Figure 25: Sketches of different color routing assemblies. Color routing in a bimetallic antenna built from 

a silver and gold NP with a FRET pair in the hot spot region. (a) Green excitation leads to FRET from 

the green to the red dye and to red emission in direction of the gold NP, and (b) after acceptor bleaching 

the emission gets routed into the direction of the silver NP. (c) Constructed Yagi-Uda antenna to direct 

the emission of a coupled fluorescent dye. 

Another assembly that could be realized on DNA origami structures is the construction of a Yagi-Uda 

antenna built from gold nanorods and a fluorophore (Figure 25c). This fluorophore needs to be 

positioned close to the nanorod in front of the reflector (last, largest nanorod), also named the feed 

element, to guide the fluorescence signal towards the smaller nanorod elements, called directors. A 

combination of the discussed routing and directionality of emitted fluorescence signals could offer the 

opportunity to build optical computing systems with single elements that are able to “talk” to each other 

via fluorescence light signals. 

As the orientation of the fluorescence molecules in, for example, OA assemblies is so important, 

publication P2 introduces a method for measuring preferred orientations of fluorophores in a rectangular 

DNA origami structure. In order to extract the orientations, two measurement techniques are combined: 

DNA-PAINT to extract the lateral orientation of the DNA origami structure and polarization-resolved 

wide-field imaging, which enables the determination of the lateral orientation of the fluorescent dye. The 

relation between both angles gives the relative orientation of the dye in the DNA origami structure. Three 

red dyes (ATTO 647N, ATTO 643 and Cy5) are studied in different nano-environments, so in total seven 

different configurations are analyzed with regard to their preference to take fixed orientations.  

It has been found that the close nano-environment has a strong impact on the dyes’ preferred 

orientations in the DNA origami structure. Thus, in the sample in which two base pairs in the DNA helix 

adjacent to the fluorophore’s position are left out (sample 1 described in chapter 4.2), all three dyes 

orient themselves in a the created gap and show similar orientation distributions. After closing this gap 

(sample 2 described in chapter 4.2), the structural identity of the dyes itself plays an important role, and 

different orientations are taken in the DNA origami structure. This is shown by the fact that structurally 

similar dyes (ATTO 643 and ATTO 647N) have the same orientations, whereas a structurally different 

type of dye (Cy5) yields different orientation distributions. Some of the measured orientations are 

reproduced at the molecular level by MD simulations. The simulations help to identify the geometric and 

structural arrangement of the dyes in the DNA origami structures. However, the MD simulations have 

some limitations, for example the short sampling time. The short time of 1 µs is not sufficient to represent 



 Conclusion and Outlook 41 

 

the complete energy landscape. Also, a clear parametrization of the interaction between dyes and DNA 

is not given, which could lead to further uncertainties. To validate both the measured and simulated 

orientations, both values are compared. So on the one hand it is analyzed if the orientations measured 

are also visited in the MD simulations, and on the other hand the corresponding structures from MD 

simulations are set into context. Through the variations made in the sample design, different binding 

states can be occupied by the dyes. A comparison of the orientations in experiment and simulation of 

all these dyes and states shows that the orientations from MD simulations are reasonable in the context 

of the measurements. As the measurements taken within the framework of this thesis are limited to a 

selection of red fluorescent dyes, these studies could be extended to a broader range of dyes in the red 

but also to other wavelength regimes. In addition to extending the studies to a broader range of dyes, 

the surrounding environment could also be studied in greater detail. Thus, different base pair 

combinations in the direct vicinity of the fluorescent dye could possibly affect the orientation. Also, a 

more detailed study of the effect of varying positions (e.g. close to a cross over) and types of linkage 

(3’-, 5’-, or internal-link, different linker length) could be interesting.[177] A more in-depth and extensive 

analysis of these parameters would allow the assembly of FRET pairs or OA systems with controlled 

dye orientations, making them extremely efficient as the interactions are dependent on the dipole 

orientations. 

As mentioned above, the energy transfer in FRET assemblies is highly dependent on the relative 

orientations between the involved dyes. Figure 26 exemplarily shows the distance-dependent FRET 

efficiency for the orientation factors 𝜅2 = 2/3 and 𝜅2 = 4. In a head-to-tail arrangement 𝜅2 is at maximum 

(4), but for assemblies linked to DNA and studied in an aqueous surrounding, the dyes are assumed to 

rotate freely, and an average 𝜅2 of 2/3 is used for the calculation of the energy transfer efficiency.[3] The 

change of the orientation factor also leads to a change of the energy transfer efficiency. The distance 

showing an energy transfer of 50% (d0) for an ATTO 542-ATTO 647N FRET pair, for example, would 

change from 6.3 nm to 8.5 nm for the rotational free and the aligned case, respectively. This means that 

not only the energy transfer efficiency changes at a defined distance but also the working range.  

 

Figure 26: Dipole orientations in a FRET assembly. A head-to-tail and rotational free orientation of 

interacting dipoles with different orientation factors (𝜅2) are shown. Depending on the orientation factors, 

the d0 value changes for an ATTO 542-ATTO 647N FRET pair, with the value being larger for the dipoles 

fixed in a head-to-tail alignment as compared to that of the free rotating dipoles. (Values calculated on 

fpbase.org) 
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If the parameter of the relative orientations in FRET assemblies can be controlled through a defined 

modeling of the molecular surrounding to keep the dyes fixed, it is possible to not only create efficient 

two-color FRET pairs but also to improve photonic wires[178–182] that are based on energy transfer 

between dyes assembled in a linear arrangement. 

Arranging transition dipoles of fluorescent dyes in DNA origami structures is still a formidable challenge 

since it includes the study of dyes in different environmental surroundings that vary depending on the 

dye’s position. So it might also be interesting not only to focus on dyes attached via one linker to the 

DNA strand, but to study doubly linked dyes in more detail. These can be set under tension so they take 

defined orientations that might not depend on the direct molecular surrounding. However, there is an 

easier way to improve FRET measurements in DNA origami structures that could be achieved by using 

the technique in this thesis. If the orientation of both dyes could be measured before the FRET pair is 

assembled, an accurate orientation factor could be extracted. This would help to later calculate more 

precisely the distance measured via FRET. 

Unlike in FRET studies, in OA assemblies the relative orientation of a dye in a dimer construct of two 

NPs is important (see discussion in chapter 2.2.3). Thus, if it were possible to align a fluorophore to the 

OA’s axis, this would lead to the strongest possible coupling and fluorescence enhancement. The ability 

to control the orientation of fluorophores in OAs would result in a high fluorescence enhancement factor 

and narrow distributions. So, a broadening in the distributions would most probably emerge from an 

inhomogeneity in the NP’s shape because large particles show facets and varieties in their diameter. 

This factor, in turn, could be controlled by the use of ultrasmooth spherical NPs[183] (which are discussed 

in publication P1). When these two factors are under control, only the accuracy of the gap size and the 

exact positions of the NPs and the dye can lead to uncertainty and distribution broadening. However, 

the gap size and NPs’ positions should be controlled by the use of DNA origami structures. 

The last part of the thesis introduced in chapter 4.3 and discussed further in the associated publication 

P3 covers the influence of high bivalent ion concentrations on a 2D rectangular DNA origami structure. 

With the help of DNA-PAINT measurements, structural changes in the rectangular DNA origami 

structure are revealed, which on the one hand show compacted versions of the two designed parallel 

lines. This structural change was already shown in previous studies which observed that the long and 

diagonal distances on the DNA origami rectangle measured by DNA-PAINT showed changes from 

normal (12 mM) to high (500 mM) salt concentrations.[63] On the other hand, however, there are also 

structures showing only one line in the super-resolved images. In order to study these structures in 

greater detail, an energy transfer assay is designed on the same DNA origami structure. This energy 

transfer based on a 10 nm gold NP and a red fluorescent dye (ATTO 647N) can report on structural 

changes due to a quenching of the fluorescence intensity of the red dye. This quenching occurs when 

the dye approaches the NP. With confocal fluorescence lifetime imaging it is possible to observe 

structural changes and even a dynamic switching between two states. The structural change is assigned 

to a rolling-up of the rectangular DNA origami structure into a tube-like shape, which is further proven 

by theoretical distance calculations and correlations with fluorescence lifetime values at different dye-

NP distances of previously published studies[19]. Furthermore, it is shown that the structural change in 

the rectangular DNA origami structure is a reversible process recovering the original non-quenched 
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fluorescence lifetime state after a salt exchange from 1000 mM to 12 mM of Mg2+. Additionally, it is 

proven that the mechanism is not only prone to the concentration of magnesium ions but that calcium 

ions can induce the same effect. While the two-dimensional DNA origami structure shows a rather strong 

response to the concentration of bivalent cations, the same effect is not observed for three-dimensional 

structures. The studied structure is built from many parallel and stacked helices, which provides a high 

robustness. Thus, high concentrations of bivalent ions do not show a strong influence. These findings 

again show the importance of ions in stabilizing DNA origami structures. With this knowledge, DNA 

origami structures could be more compacted so they are more robust in assays where a high stiffness 

of the structures is needed. It is furthermore recognized that after a buffer exchange from magnesium 

to calcium (or vice versa) and a subsequent salt titration with the exchanged ion, DNA origami structures 

are only weakly or not responding to the increased salt concentrations. This could be attributed to some 

kind of memory effect, meaning that ions stay bound to the DNA origami structure and are not completely 

washed out. This finding is important, as folding DNA origami structures works best with magnesium 

ions, but in some experiments these ions should be removed and replaced by different kinds of ions. If 

the incubation of the new measurement buffer is not long enough or washing steps are not executed 

carefully, magnesium ions, for example, could stay attached to the DNA origami structure. This work 

proves that there is no need of special motifs like joints or hinges to build switchable DNA origami 

structures and that the addition of bivalent cations at high concentrations can be used as an actuating 

mechanism. Usually strand hybridization and displacement reactions are practiced to switch DNA 

origami structures, where relatively long incubation times are needed. In the presented work, the 

reaction time is very fast, and first structural changes can be monitored directly after the addition of high 

salt concentrations.  

This thesis covers the interactions between fluorescent dyes and plasmonic NPs and fluorescent dyes 

and close nano-environments as well as the effect of cations on a DNA origami structure. In order to 

study these kind of interactions, three single-molecule assays are developed within this thesis. The 

introduced measurement procedures set out the basis for a couple of new measurements. The 

combination of polarization-resolved wide-field imaging and defocused imaging enables the 

measurement of the absorption as well as the emission dipole orientations in the same molecules. These 

methods can help to also investigate and understand more complex assemblies, for example in 

prospective optical computing systems, to reveal the principles in the single elements. Polarization-

resolved wide-field imaging in combination with the DNA-PAINT super-resolution technique, on the other 

hand, offer possibilities for broad studies on molecular orientations of fluorescent dyes in DNA origami 

structures. An advantage of the performed measurements is that the orientations of the DNA origami 

structures as well as the orientations of the helices in the structures and the angles of the attached 

fluorescent dyes can be determined. In combination with MD simulations, even insights in the molecular 

orientations of the dyes in the DNA origami structures can be revealed. The presented assay could help 

to make FRET measurements and distance calculations more accurate. Lastly, by combining DNA-

PAINT measurements and scanning confocal lifetime imaging, it is possible to not only gain structural 

information of DNA origami structures but also to observe dynamic systems, thus reaching a high 

structural and temporal resolution in two and three dimensions. Conclusively, this work reports on new 

single-molecule assays to be adopted in fluorescence microscopy research. These assays serve to 
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understand and design fluorescence color routing and optical communication circuits. Dye orientation 

control and analysis can help to create photonic nanowires and improve FRET calculations. In addition, 

the fortuitous finding of switchable two-dimensional DNA origami structures at increased salt 

concentrations without the use of special motifs is made. This assay demonstrates the binding of 

different cations and introduces an actuating mechanism in switchable DNA origami structures.  
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6. List of Abbreviations 

A   adenine 

AFM   atomic force microscopy 

AOTF   acousto-optical tunable filter 

APD   avalanche photo diode 

BSA   bovine serum albumin 

bp   base pairs 

DNA   deoxyribonucleic acid 

C   cytosine 

EMCCD  electron multiplying charge-coupled device 

EOM   electro-optical modulator 

exc.   excitation 

FE   fluorescence enhancement 

fl.   fluorescence 

FLIM   fluorescence lifetime imaging microscopy 

FRET   Förster-resonance-energy-transfer 

G   guanine 

IC   internal conversion 

IRF   instrument response function 

ISC   intersystem crossing 

LSPR   localized surface plasmon resonance 

MD   molecular dynamics 

MINFLUX  minimal emission fluxes 

NIR   near infrared 

NP   nanoparticle 

nr   non radiative 

OA   optical antenna 

PAINT   points accumulation for imaging in nanoscale topography 
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PALM   photoactivated localization microscopy 

phos   phosphorescence 

PMD   photonic mode density 

PSF   point spread function 

r   radiative 

ROX   reducing and oxidizing 

SMFM   single-molecules fluorescence microscopy 

STED   stimulated emission depletion 

STORM  stochastic optical reconstruction microscopy 

T   thymine 

TCSPC   time correlated single photon counting 

TIRF   total internal reflection 

UV   ultraviolet  
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